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The 1.4:0;-CuO-TiO, system in air at 960°C contains two perovskite-related ternary compounds,
La;CuTiOy and {Laty;y0,,3Cu3{Tiy)O . The former is orthorhombic, has cell parameters a = 5.587 (6),
b = 5616 (5), c = 7.842 (M A, is isostructural with GdFe0,, and exhibits Curie—Weiss magnetic
behavior. The copper and titanium are statistically distributed over one crystallographic site. The
La,0—CuO-TiO, and La;(3,—CuO-Sn0, systems difler in their phase relationships, number of ternary
phases. and crystal chemistry of their La;,CuMO, (M = Ti, Sn) compounds. Single crystals of
[ Eig 5ol Ca (Tl ALy 55302 were grown in an AlyO, crucible from a CuO-TiO, Mux and crystallize
in the cubic space group Ind with a = 7,421 (1) A and # = 2. The compound is isostructural with
[CaMm (MO, The excess lanthanum in the crystal compensates the charge deficiency brought
about by the aluminum incorporation, and the electrostatic stabilization it affords is the principal

driving force for the observed structure.

Introduction

Phase diagram studics of copper-oxygen
systems have played an integral role in the
discovery and isolation of superconductors.
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We recently investigated the La,0,-CuO-
Sn0, system and discovered the new
perovskite-related material La,CuSnOg (/).
The material is of interest because it is the
oaly stoichiometric perovskile A,B'8"0q
that contains distinct B'Q, and B"0, layers.
Its unique B-cation arrangement prompted
further investigation of A,0,-Cu0O-BO,
systems. The La,0,—CuO-TiO, system has
been investigated because of the similar co-
ordination chemistry and structural prefer-
ences of tin and titanium oxides (2, 3). Our
goal is to determine the effect that replace-
ment of tin by titanium has on the phase
relationships and phase formation in the
La,(3;-CuO-B0, system, as well as the ef-
fect it has on the ¢rystal chemistry and phys-
ical properties of the compounds in the sys-
tem. We present results of the phase
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diagram study, the crystal structure of
[Lag g6y, 14Cu3)(Tis 2Aly 550y, the crystal
chemistry of La,CuTiQy, and a general dis-
cussion of the differences between the tin
and titanium systems.

Experimental

Synthesis and Characterization of
Polycrystalline Samples

La,CuTiO, and specimens for the phase
study were prepared by solid-state reaction
of copper(Il) oxide (99.99+%), titani-
um(IV) oxide (99.9+ %), and lanthanum ox-
ide (99.99%). The materials were heated in
high density alumina boats in air at 960°C
for 21 to 56 days. This temperature was suf-
ficient to lessen reaction time yet low
enough to prevent melting of the samples
(4). The progress of the reactions was moni-
tored every 3 to 7 days by the use of
X-ray diffraction methods. The samples
were quenched in air, ground, and pressed
into pellets each time X-ray diffraction was
performed.

Susceptibility Measurements

A Quantum Design Corporation MPMS
SQUID susceptometer was employed to re-
cord magnetic data between 5 and 300 K.
The applied magnetic field was 1000 G. The
measurements were performed on finely
ground samples that were contained in
sealed gelatin capsules. The data were cor-
rected for the diamagnetism of the sample
holder. A platinum metal standard was used
for instrument calibration.

Single Crystal Studies

Crystal growth and chemical analysis.
Dark purple cubic crystals of [Lag, ;3
T onCusl(Ti, _ Al )O,, were grown in an
Al,O, crucible from a high-temperature so-
tution of CuOQ-TiO,~La,O; (108: 54 : 10 ra-
tio}). The mixture was heated in air to
1100°C, ailowed to soak for 8§ h, cooled at
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6°/h to 700 °C, and quenched to room tem-
perature (~200°C/min). The crucible was
broken open; this procedure resulted in
many free crystals, A Hitachi S570 scanning
electron microscope equipped with a Tracor
Northern energy dispersive X-ray spec-
trometer revealed that the crystals con-
tained lanthanum, copper, titanium and alu-
minum in the approximate ratio
10:37:48:5. The stoichiometry was estab-
lished from the refinement,

X-ray diffraction. An Enraf-Nonius
CAD-4 diffractometer was used to collect
intensity data on a crystal with the approxi-
mate dimensions 0.14 x 0.12 X 0.14 mm.
The cell constants were determined from
least-squares analysis of 25 reflections col-
lected in the range 24.7° < 28 < 35.2°. The
systematic absence h + Kk + [ = 2n + 1
indicated a cubic body-centered cell. A total
of 1071 reflections were collected of which
361 were unique (R,,, = 0.063). Three repre-
sentative reflections were monitored at
45-min intervals and exhibited no significant
variation of intensity throughout the collec-
tion. A summary of the experimental details
and crystallographic data is presented in

- Table I.

The data were corrected for Lorentz and
polarization effects, and an analytical ab-
sorption correction (3) based on the indexed
faces and measured volume of the crystal
was applied. The indicies of the reflections
h, k, I were only cyelicly permutable and
included reflections for which 00/ = 2p;
these conditions are consistent with Laue
class m3 and with the space groups 123, 2,3,
and Im3. From analysis the normalized
structure factors, it was apparent that the
data were centric so they were averaged
in m3 (R,,. = 2.6) and the refinement was
performed in fm3.

A Patterson map was generated by the
use of SHELXS-86 (6). The atomic coordi-
nates of each peak in the map were assigned
to an atom based on the site multiplicity of
the atomic coordinates in space group Im3
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TABLE 1
CRYSTALLOGRAPHIC AND EXPERIMENTAL DATA FOR [LaygCus](Ti; Al 5055

Space group

a (;\)

Volume (A%)

z

Formula weight
Calculated density(g/cm?)
Temperature (K)
Radiation

Linear absorption coefficient (cm ™)
Secondary extinction coefficient
Transmission factors

Scan type

26 range (°)

Indices collected

Number of unique data

Number of unique data with [ > 3a{{,)
Number of variables

R

Rw

Goodness of fit

Im3 (No. 204)

7.421 (1)

408.68 (6)

2

681.6

5.54

153

Graphite-monochromated Mo Ke
0.7107 A)

147

0.157 E-04

0.178-0.270

6/20

4-89.5

+h, +k +!

361

253

14

0.027

0.037

1.36

and the formula [La,;Cugl(Tig)Oy, (Z = 2).
All atoms were located by the use of the
map, and a full-matrix least-squares calcula-
tion was used to refine the y and z coordi-
nates for oxygen and the thermal factors
for all of the atoms. All calculations were
performed by the use of TEXSAN (7) crys-
tallographic software. Conventional scatter-
ing factors were used (8). A corection for
anomalous dispersion was applied (9).
After the initial refinement, the reliability
factors were R = 0.063 (R = [ (| F,| -
| F.|[)/( | F,|)]) and R, = 0.124 (R,, =
Ew( | F, | | F. )Ew | F |9, w =
1/o2(F)) and the thermal factor for lantha-
num was less than 0.1, which suggested that
the charge deficit caused by incorporation of
aluminum on the titanium site was balanced
by excess lanthanum. The lanthanum occu-
pancy was refined and it converged to 0.87.
At this point, aluminum was introduced,
and, owing to its coordination and geometri-
cal preferences, it was assumed that it was
present exclusively on the titanium site. It

was not possible to independently refine the
occupancies of aluminum and lanthanum
because they were strongly coupled to the
thermal factors and the scale factor. The
lanthanum content and aluminum content
were determined from the general formula
[Lay; a8 3- 3 Cusl(Tiy AL, by itera-
tion of lanthanum content from 0.87 to 0.84
in 0.0t increments. The minimum reliability
factors occurred for a lanthanum content of
0.86 and were R = 0.027 and R, = 0.037.
The largest peak in the difference map was
2.16 &/A%, and it was not associated with
any of the atoms in the structure. Observed
and unobserved refiections were included in
the final refinement cycle,

Results

Phase Studies

The subsolidus phase diagram of the
La,0,—CuO-Ti0, system in air at 960°C
contains two ternary compounds La,
CuTiQ, (f0-13) and [La,,,Cw,](Ti)O (14);
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F16. 1. Subsolidus phase diagram of La,0,—CuO-TiQ, phasediagraminairat 960°C. Trianglesre present
the compositions used to determine the phase relationships. The circle is the composition of the flux
used to grow the single crystals. The triangle on the dotted line contains La,Ti,O; in addition to the

phases at either end.

see Fig. 1. The binary systems have been
studied previously. The binary systems will
be briefly reviewed, and the results from the
ternary system will be presented.

CuO-Ti), system. Under the experimen-
tal conditions, no binary compounds form.
The existence of Cu,TiQ,, Cu,TiO, ({5, 16)
and Cu,TiQs has been postulated (17, 18).
The existence of Cu,TiO, has been con-
firmed (/9), but it is stable only above 867°C
and its composition fluctuates between
Cu;TiO, 4, —0.3 =8 =< 0.1. It was indexed
on a hexagonal cell with ¢ = 3.05and ¢ =
1.5 A,

La,O-Ti0, system. La,Ti,0; and La,;
TiO,; are present. The system (20) was
originally reported to contain La,TigQs,,
La,Ti,0,, and La,TiQs in air at 1300°C.
Later, La,;TiO;_;, 0,007 = 8 =< 0.079, was
prepared under a controlled reducing atmo-
sphere (CO,/H, = 2) at 1350°C (2]).
La,Ti,O; is related to pyrochlore, and is
isostructural with Ca,Nb,O,. It has been in-
dexed on a monoclinic cell with cell parame-

tersa = 7.800(3), b = 13.011 (4}, ¢ = 5.546
(2) A,y = 98.60° (2), and Z = 4 (22). La,;,
€1, 5,TiO,_;is an A-site and oxygen deficient
perovskite. When § is large it exhibits a cu-
bic perovskite structure; when & is small it
exhibits an orthorhombic structure with the
subcell @ = 3.869, b = 3.882,and ¢ = 3.891
A. Under our experimental conditions, it
cannot be obtained single phase, as it con-
tains La,Ti,0,.

La,0,—-CuQO system. The first member in
the homologous series La, Cu,0y,,_.,
the familiar La,CuO,, forms under the con-
ditions of this study. Structurally, it is very
similar to K,NiF,. It has been indexed on
an orthorhombic cell with cell parameters
a=5.409,b=5363,andc = 13.17 A (23).

La,O—Cu0O-TiO, system. This system
presents an wide range of reactivities. QOw-
ing to the low reactivity of rutile TiO,, sev-
eral weeks are required to establish equilib-
rium in the titanium-rich portion of the
diagram. In contrast, equilibrium in the cop-
per-rich region of the phase diagram is
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TABLE II

INDEXED X-RaY DIFFRACTION PATTERN oF La,CuTiOf

hki dcalc. dobs. I’IID hkl dcalc, dobs. ”Iu
110 3.961 3.956 15 213 1.8071 1.8069 1
002 3.921 3.920 10 3104114 1.7570 1.7616 4
118 3.535 3.535 4 1317311 1.7312 1.7332 5
020 2.808 2.808 20 132 1.6170 1.6171 11
112 2.786 2.785 100 024 1.6074 1.6077 21
021 2.644 2.647 2 204 1.6047 1.6032 14
211 2.383 2.380 1 223 1.5785 1.5789 1
103 2.368 2.366 t 133 1.4684 1.4688 2
022 2.283 2.284 8 224 1.3932 1.3923 11
202 2.275 2.270 It 314 1.3128 13112 3
113 2.182 2.181 2 331 1.3019 1.3012 1
220 1.980 1.977 17 241 1.2387 1.2398 6
004 1.960 1.961 17 225 1.2295 1.2290 1

“ Orthorhomibic with ¢ = 5.587 (6), b = 5.616 (5), and ¢ = 7.842 (7} A.

achieved in less than two weeks, The line
trom La,, TiO;_; to [La,, Cusl(TipOy,y is
dotted because the sample contains a small
amount of La,Ti,O; owing to the inability
to make the former pure in air. The series
of compositions LaCu,_, Ti, O, (0 = x = 1),
which is of interest in conversion of syngas
to oxygenates (/2), has been studied. It is
only single phase at x = 0.5.

La,CuTiQOg

The compound was originally reported
(10) to belong to a cubic ¢rystal system and
have the cell parameter a = 7.872 A, how-
ever, we find the compound is orthorhombic
and has cell parameters \/5510 = 7.901 (6),
\/5!)0 = 7.942 (5), and ¢, = 7.842 (7) A.
We find no evidence of a cubic phase even
when synthetic conditions identical to those
reported (/0) are employed. The indexed
powder pattern is presented in Table II. The
material has orthohombic symmetry and ex-
hibits systematic absences consistent with
space group Pbnm, namely, Okl: k = 2n +
LHOE R+ =20+ 1, HO0: h = 2n + 1,
0kO: k =2n+ 1,and00/: ! = 21 + 1, From
comparison of indexed powder patterns, we

assume that La,CuTiQy is isostructural with
Nd,CuTiO;. We determined the structure of
the latter (24) by Rietveld refinement of
time-of-flight powder neutron diffraction
collected at the Intense Pulsed Neutron
Source at Argonne National Laboratory.
Nd,CuTiOg and presumably La,CuTiO; are
isostructural with GdFeO, (25). The copper
and titanium are disordered over one crys-
tallographic site; see Fig. 2.

La,CuTiO, exhibits Curie-Weiss behav-
ior in the region from 175 to 300 K, an effec-
tive moment of 1.2 up, and a Weiss constant
of —35 K, see Fig. 3. The data between 175
and 300 K were fit by application of the
Curie-Weiss Law, y = x, + C/(T + #8),
where x is the total susceptibility, x, is a
small, temperature-independent contribu-
tion, € is the Curie constant, T'is the temper-
ature, and @is the Weiss constant. The effec-
tive moment and Weiss constant differ from
that of 1.89 wy; and —365 K reported
previously (/0), When we employ the same
reaction time and synthesis temperature
used in the study by Ramadass er al. (/0),
we find evidence of La,CuQ,, which is anti-
ferromagnetic, in the X-ray diffraction pat-
tern. The presence of La,CuO, could ac-



L#,0,- CuO-TiO; PHASE DIAGRAM

221

Fi1G. 2. 1dealized polyhedral representation of La,CuTiOg viewed down [110]. The polyhedra are (Cu,

Ti)Og and the circles are lanthanum.

count for the higher effective moment
observed in the previous experiment.

[Ltg gl o 14Ceis)(Tiy oAl 55) O,

The structure is shown in Fig. 4. The com-
pound is a member of a general class of
perovskite-related materials {AC;1(B)O,,
(14, 26). The compound has lattice parame-
ters that are doubled with respect to cubic
perovskite ABO,. Each lanthanum cation
resides inside a 12-coordinate site that is
formed by three mutually perpendicular O,

rectangles of different size; see Fig. 5. Each
titanium cation and aluminum cation resides
at the center of a BOg,; polyhedron. The
BO, polyhedra form a tilted corner-shared
network similar to that found in In(OH),
and Sc(OH); (27). The copper(II) cation is
a Jahn-Teller cation and exhibits square
planar coordination. Each copper cation oc-
cupies what would be an A-cation site in a
perovskite. It has eight additional oxygen
atoms at greater than 2.5 A. The eight oxy-
gen atoms form two perpendicular square
planes, both of which are perpendicular to
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F1G. 3. Molar susceptibility versus temperature
bility versus temperature.

the plane formed by the closest oxygen
atoms. The atomic parameters appear in Ta-
bles I11a and I1Ib, and selected bond Iengthg;
and angles appear in Table IV. Susceptibil-
ity measurements exhibit a maximum at
about 20 K, which indicates antiferromag-
netic order below this temperature; see
Fig. 6.

Discussion

The La,0;-CuO-Ti0, system differs
from the La,(3;-Cu0-5n0), system in three
significant ways: (1) The phase relationships
in the two systems differ in the lanthanum-
rich regions; (2) La,CuTiOg¢ has a random
B - cation arrangement; 1.a,CuSnQ, has a
layered B-cation arrangement; see Fig. 7;
(3) The latter does not contain an [AC;]
(B,)O,, compound. The last two observa-
tions can be attributed to the different size
and possibly the different electronic con-
figurations of tin 4™ and titanium J°.

In La,CuSnQ, the large ionic radius (0.69
/u\) (26) of tin allows the copper atoms (0.60
A equatorial) to express a cooperative
Jahn—Teller distortion along one crystallo-
graphic direction, which leads to a layered

for La,CuTiQ. The inset shows reciprocal suscepti-

structure. In La,CuTiO,, the smaller ionic
radius of titanium (0.605 A} requires smaller
lattice dimensions. The need for smaller lat-
tice dimensions results in an isotropic com-
pression of the Cu~0 bonds and diminishes
the Jahn-Teller effect for copper. Without a
strong Jahn—Teller distortion around copper

Fi1G. 4. Structure of LaggCusTi; Al 0, viewed
down the c-axis.
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FiG. 5. ldealized depiction of LaggCuyTiy 52Aly 5302 The titanium atoms are at the centers of the
octahedra, the copper atoms are at the centers of the squares, the oxygen atoms are at the vertices
of the polyhedra, and the circles are lanthanum atoms.

to provide distinct sites within the lattice,
the titanium and copper randomly mix over
one crystallographic site.

Tin is evidently too large to form the
[AC.](B)O,, structure. In [AC;)(B,)O,;
compounds the BO; octahedra are rotated
about an axis perpendicular to (111).. The
B-0 and nearest C-O bond distances con-
trol the tilt angle ¢ (3). The greater the B-0O
bond length is relative to the C-O bond
length, the greater the tilt angle needed to
satisfy both bonds. The tilt angle in the
La-Cu-Ti—Al-0O phase is about 23.5°. The
angle is smaller than in other copper ti-

tanates, such as [Tb,,;Cu;)(Tig)0,, (23.8%)
(14), [CaCu,(Ti)O,; (24.19) (29), and
[NdCu,](Ti;Fe)O,, (24.1%) (30). The incorpo-
ration of tin for titanium would introduce a
severe tensile stress on the Cu—0 bonds that
could be relieved only by a large increase
in the tilt angle to about 26°. Apparently the
elastic strain from severely tilted octahedra
would be too large in this case, and at the
composition § La;0,, 3 CuO, and 4 Sn0,,
the combination of ¥ Sn0,, 3 CuQ, and }
La,Sn,0; is more favorable than [La,;
Cuz)(Sny)Oy,.

The crystal structure of [Lagg0, 4
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TABLE Illa

PosITiONAL AND THERMAL PARAMETERS FOR {Lag gCu;)(Tis pAly 430"

Atom Site xia (ox) yb (o) de o) BANeR) Occupancy
La 2a 0 0 0 0.185(1) 0.86"
Cu 6h 0 H 1 0.28(2) |
Ti/Al 8¢ e i H 0.296(1) 0.86/0.14°
0 24 0.1805(3) 0.3023(3) 0 0.35(6) i

 Space group Im3 with «
 Refined by TEXSAN then fixed; see text.
© Values required for charge balance: see text.

Cu,}(Ti; Al 5¢)O4 illustrates the influence
that A-cation vacancies in comunction with
the choice of crucible have on the final prod-
uct of a high-temperature crystal growth. In
the crystal growth, the growth conditions
provided a melt with a significant concentra-
tion of aluminum and resulted in the partial
substitution of trivalent aluminum for tetra-
valent titanium. The incorporation of alumi-
num was not unexpected; several new alu-
minates, such as LaSrCuAlQ; (3/) and
Ca,l.aMnAlO, (32), have been grown from
high-temperature solutions by the use of an
alumina crucible as the aluminum source.
In the titanate, the incorporated aluminum
leads to a charge deficiency of 0.58 per for-
mula unit. Charge neutrality could be pro-
vided by three possible mechanisms: (1) loss
of oxygen, (2) oxidation of copper(I1I) to cop-

7421 (N Aand Z = 2.

per(11l), (3) occupation of cation vacancies.
The general formulas for that result for these
three mechanisms are [La,,;0,,;Cus)(Ti,_,
A0, [LaysTpCu?* 5 Cul* I(Ti,
Al)O,, and  [Lasq, 05— pnCusd(Ti,
ALYO,5.

Mechanism one is unfavorable because it
wotuld introduce oxygen defects that would
require 5- or 4-coordinate titanium and alu-
minum, and 3- or 2-coordinate &° copper(II)
(or introduce crystallographic shear, which
is not the case). Mechanism two does not
account for the observed incorporation of
lanthanum. Mechanism three provides the
necessary electrostatic driving force to sta-
bilize the structure, The extra La** cations,
which fill a portion of the A-cation vacan-
cies, provide an increased electrostatic
interaction and a more favorable lattice

TABLE Illb
ANISOTROPIC THERMAL PARAMETERS FOR [Lag ¢Cusl(Tiy oAl 50041

Atom Uy Usn Uy U, Uy Uy
La 0.0022(2) 0.0022 0.0022 0 0 0
Cu 0.0026(3) 0.0030(3) 0.0051(3} 0 0 0
Ti/ Al 0.0037(2) 0.0037 0.0037 0,0012(2) 0.0012 0.0012
0] 0.0041(6) 0.0067(8) 0.0026(7) 0.0001(6) 0 0

Note, U = exp{=2mXa® U\ I + b7 Unk + ctUGE + 2a"8*Uphk + 2a*c* Uil + 207" Un k). Uy =

U, = Uy for La, Uy = U3 = Uy = 0 for La and
Uz = 0forO.

Cu; U” = Uzz = U33', U|2 = Uﬂ = Uz} for Ti; U”
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TABLE 1V
DISTANCES® AND ANGLES FOR |Lag gCu)(Ti; ALy 005
Bond distances
La-0 2613 (2) x 12 Cu-0 1987 () x 4
-0 2.788 (2) x 4
TifAl-O 1.9643 (7) x 6 -0 3264 (2) x 4
Bond angles
0-Cu-0 84.80 (10) > 2 O-T/A-O 89.45{9) % ©
0-Cu-0 95.20 (10) >~ 2 O-Ti/Al-C 90.55(9) x 6

* For oxygen atoms within 3.5 A,

5 Bond distances in angstroms and bond angles in degrees.

energy. The B-0O bonding in the corner-
shared framework must be compromised
owing tolocal distortions caused by different
size (.53 versus 0.61 f\) and formal charge
of the incorporated aluminum. However, the
net effect of the incorporation of aluminum
and excess lanthanum is the stabilization of
the structure,

[La,;;Cuy](Tiy)O,, has been made as a
polycrystalline powder without aluminum
by conventional solid-state techniques (/4).
This demonstrates that aluminum and ex-
cess lanthanum are not necessary for the
formation of this material. The maximum in

susceptibility versus temperature occurs at
20 K, which is similar to that of 27 K for
CaCuyTiyO; (33), and indicates that the
A-cation vacancies have little affect on the
magnetic properties.

The variable lanthanum content in the sin-
gle crystals, which compensates the excess
framework charge owing to aluminum sub-
stitution for titanium, underscores the diver-
sity of defect chemistry in [AC;)(B,) 0}, com-
pounds. The presence of the A cation is
not necessary for the formation of stable
materials. Materials with copper as a C cat-
jon and titanium plus other small cations as

>
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Fi1G. 6. Molar susceptibility versus temperature for LaggCu;Tiy 4,Aly 52015, The inset shows recipro-

cal susceptibility versus temperature.



226

&

/ - g \

N
>>>.,
]

\\k_.

\
\
>>>

8
Za

N

ANDERSON ET AL.

FiG. 7. Idealized polyhedral representation of (a) the disordered arrangement of B cations found in
La,CuTiQy {b) the layered arrangement of B cations found in La,CuSnQ,.

B cations form with the A site unoccupied,
as in [(JCu,](M,Ti,)O,, (M = Ta, Nb, Sh)
(14), partially occupied, as in {Ln,;0,,
Cu,J(Ti,)0,, ({4), and completely occupied,
as in [CaCu;[(Ti,)O,, (29). [t appears that the
role of the A cation is primarily to provide
charge balance and additional electrostatic
stability.

Conclusions

The smaller size of titanium compared
with tin is sufficient to change the phase
relationships and number of ternary phases
in the La,0,—CuQO-TiO, system relative to
the La,0,—-CuO-Sn0, system as well as the
crystal chemistry of La,CuTiQ; relative to
La,CuSnQ,. The defect chemistry of [A,_,
CJ(B)O,; (0 = x < 1) compounds and the
use of an alumina crucible allows the growth
of single crystals that contain aluminum on
the B (titanium) site and excess lanthanum
on the A site. The incorporated aluminum
does not affect the crystal symmetry com-
pared to the parent [La,;Cu;](Ti)O,,, but
certainly causes small local distortions of
the framework.
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